The testis is major male gonad responsible for spermatogenesis and steroidogenesis. Much knowledge is still remained to be learned about the control of these events. In this study, we performed a comprehensive bioinformatics analysis on 1,196 mouse testis proteins screened from public protein database. 
INTRODUCTION
The mammalian testis is the primary male sex gland which produces the male gametes and sexual hormones, providing an irreplaceable biological function that enables procreation of the species. The testis comprises unique cell types for the endocrine and exocrine activities responsible for complete and efficient spermatogenesis. The complicated process of spermatogenesis and steroidogenesis reflects the complex protein expression in testis (1, 2) .
Recently, the high-throughput transcriptomics and proteomics have created a variety of gene/protein expression data in the tissues of interest. Transcriptome database mainly include Expressed Sequence Tags (ESTs), microarray and serial analysis of gene expression. Libraries of expressed sequence tags (ESTs) have been used to identify genes expressed in various tissues. These data are deposited in the UniGene database (http://www. ncbi.nlm.nih.gov/unigene), each library contains information of tissue source, development and disease stages, providing valuable information about the tissue distribution of gene expression. By using the digital differential display (DDD) tool at the NCBI (http://www.ncbi.nlm.nih.gov/UniGene/ddd.cgi), we have recently screened mouse testis specific genes (3) . Analysis of human ESTs in testis showed that 30% ESTs have alternative splicing (4) including some testis-specific splice forms (5) that suggested the specific and complex functions. Microarray are mainly based on predefined probes to detect known or predicted transcripts, so it has low coverage of novel genes. Microarray is possible to analyze gene expression at various stage, while ESTs can only provide static information of limited tissues. Meanwhile, some observations showed that these different databases frequently contradict each other (6) , and transcriptome is still in need of validation by other methods. As the post-translational modifications and degradation, the gene expression levels is also insufficient to predict levels of proteins. Hence, proteomics methods may provide an unbiased and effective way to identify novel proteins in dynamic conditions.
Proteomics technologies have matured significantly in recent years and related research papers of reproductive biology are increasingly common. Proteomic analysis of spermatogenesis (7) and porcine (8) , mouse (9), human testis (10, 11) provided useful resources for studying of the testis developmental biology and pathology. However, most of these data were not publicly available and were not validated furtherly on gene or protein levels, and it also included many abundance proteins. The big challenge of these 'omics' data is the extraction of the biological implications that will faciliate the discovery and characterization of important physiology and disease pathways. Although knowledge about some aspects of testis function has been revealed during the last decades (12, 13) , much is still remained to be learned about the regulation mechanism of testis functions, which should be completed based on multidisciplinary interests and integrated data analysis. Now, goal of annotating all known mouse proteins has been partially reached which included over 20,000 reviewed proteins, this well-annotated resource should be possible to provide insight into a broad range of testis biological processes.
In the present work, we performed comprehensive bioinformatics analysis of the proteins revealed from public protein database to determine its significant characteristics. Total http://bmbreports.org 
RESULTS

Summary of mouse testis and testis-specific proteins
Total of 4,189 mouse proteins have PIR_tissue_specific descriptions from 16,246 mouse proteins, and 1,196 proteins were expressed in testis including 165 major specific expressed proteins.
Density of mouse testis genes
The mouse testis genes are distributed on the autosomes and the chromosome X, Y. The highest gene density was on chromosomes 19 (R=1.85), 17 (R=1.52) and lowest gene density on chromosomes X (R = 0.44), Y (R = 0.42) (Supplementary Table 1 ).
Annotation and functional enrichment of mouse testis proteins
For an overall overview of the mouse testis proteins, functional analysis including domain analysis, biological processes, molecular functions and pathways were performed using DAVID tools. Domain analysis using DAVID functional annotation tools including three subset database: Interpro, PIR_Superfamily and SMART databases showed 57, 12 and 14 statistically significant domains, respectively. Such as Tubulin-tyrosine ligase (IPRO004344, containing 10 proteins) involved in protein modification process; S_Tkc domain (SMART: SM00220, containing 34 proteins) involved in protein amino acid phosphorylation process; Mouse meltrin (PIRSF006749, containing 9 proteins) involved in the proteolysis and spermatogenesis process (Supplementary Table 2 ).
KEGG analysis indicated that 15 statistically significant pathways were presented in the mouse testis proteins profiles. BIOCARTA analysis showed 9 significant pathways. Notably, two database showed that apoptosis related signaling pathway was statistically significant, indicating that protein or sperm degradation may be crucial for normal testis functions during the complex process of spermatogenesis and steroidogenesis (Table 1) .
Molecular function analysis revealed that the largest number of proteins had catalytic and binding activity, while translation regulator and motor activity had few numbers of related proteins. Biological process analysis revealed that most of the proteins were involved in the metabolic process, followed by cell communication, transport associated proteins (Fig. 1) .
Membrane organization analysis showed that 842 proteins were soluble proteins including 78 secreted proteins, and 237 proteins were membrane proteins including 46 type I, 75 type II and 116 type III membrane proteins, respectively. http://bmbreports.org BMB reports 
Ingenuity network analysis of the testis protein profiles
More detailed analysis of pathways and networks influenced by these testis proteins were performed by Ingenuity Pathway Analysis. Total 1, 196 Uniprot IDs of the mouse testis proteins were submitted into IPA for analysis and 1,185 IDs mapped, 1,015 proteins were eligible for network generation and 1,003 proteins were eligible for functions/pathways analysis. IPA generated 25 networks of 35 genes (maximum number of genes per network). One network with highest score is shown in Fig. 2 as an example. Some functions were linked to more than three of the 25 networks and they mainly were: Cell cycle; Lipid metabolism; DNA replication; Post-translational modification; Cellular development and Cell-to-cell signaling and interaction.
Comparison of mouse testis proteins with other existing resources
Several databases were selected for comparison: mouse sperm proteome (14) ; mouse testis proteome (9); mouse testis transcriptome obtained from UniGene; TiSGeD (a database for tissue-specific genes) (15) and our previous work about mouse testis specific genes (3). Comparison of mouse testis proteins with mouse sperm proteome showed 80 proteins common in mouse testis and mouse sperm, accounted for 6.7% in the study. Comparison of mouse testis proteins with data sets from mouse transcriptome and proteome showed 38% overlap between them (Fig. 3A) . While comparison of mouse testis-specific proteins with other two databases, we obtained 41.5% overlap (Fig. 3B) .
DISCUSSION
Although morphological and functional events in mammalian spermatogenesis and steroidogenesis have been known for many years (16, 17) , there was no systematic attempt to organize protein pathways and natures involved in these processes. The proteomics of mammal testis should be the first effort to describe these processes and deal with testis-specific proteins to explore their structures and functions as well as their implicated clinical applications. However, fewer related works were done systematically, most of which focused mainly on the description of protein isoforms, differential protein expressions (7, 8, 10, 11) . Limitations and biases of traditional proteomics stunt functional analysis (18) .
UniProt database is a high quality database that serves as a stable, comprehensive, fully classified, richly and accurately annotated protein sequence knowledgebase, and can provide us a comprehensive, high-quality resource of protein sequence and functional information. Its subsection of the 'Tissue specificity' section provides information on the expression of a gene at the mRNA or protein level in cells or in tissues of multicellular organisms. These salient feature of protein profiles is the compilation of up to date information, based on the available data in literature, which has been interpreted and described in the words of original researchers (19) .
In the present study, we first screened 1,196 reviewed proteins expressed in the mouse testis, which exceeded the numbers of the traditional 2D proteomics. This study provides us another angle to explore useful information from large amount existing but often ignored database. The gene density analysis indicated more mouse testis genes over-represented on chromosomes 17 and 19, which could provide us the information of evolutional analysis (20) . Comparison of mouse testis and testis-specific proteins with other transcriptome datasets showed about 60% of the mouse testis/testis-specific proteins were not http://bmbreports.org matched to the transcriptome data. The problem was mainly attributed to differential detection technologies and expression patterns of genes and proteins. So the computational tools or methodology to resolve this problem will be an interesting task to be done.
Bioinformatics analysis indicated most of the proteins in the mouse testis could be clustered into different function groups and may participate in different aspects of testis physiology.
Domain analysis showed some significant enriched domains in the mouse testis proteins, these proteins common with similar domains would regulate some aspects of testis functions coordinately. Fifteen proteins with disintegrin domains may participate in the sperm adhesion to Sertoli cell or the egg membrane, and play their roles in fertilization (21) . Several protein kinases have been shown to be involved in spermatogenesis (22), 4.7% protein kinases in the mouse testis strongly suggested that more active catalytic activity was performed in the testis. It is worth mentioning that 44 proteins have serine/threonine protein kinase-related domain, which may function to link the pathway of cell signaling, cell cycle related to spermatogenesis (23) .
Spermatozoa released from testis are the product of a precisely regulated development process in which different germ cell proliferation, differentiation, self-renewal and apoptosis are carefully controlled. During spermatogenesis, the control of germ cell apoptosis is very important. In this study, 11 proteins were involved in apoptosis and 14 proteins were involved in p53 signaling pathway. These proteins may be associated with the survival or degradation process of a number of spermatogenic cells (24) . Seventeen proteins in the Wnt signaling pathway were screened, and these proteins would regulate Sertoli cell functions to support spermatogenesis (25) .
Interestingly, 28 proteins were involved in the pathways in cancer and most of these proteins were mainly expressed in testis. They would be served as useful candidates of cancer/testis antigens or biomarkers for certain types of cancer or tumor (26) , such as protein inhibitor of activated STAT 4 (PIAS4_ MOUSE), it was implicated in the pathogenesis of some cancers through enhancing STAT-4 transcriptional activity and subsequent cell proliferation (27) .
Through membrane organization analysis, 78 secreted proteins were predicted which may be the important components of spermatogenesis microenvironment (28) . Two hundred and thirty seven membrane proteins were membrane cell adhesion molecules, enzymes, receptors and transport proteins, which maybe involved in Sertoli cell-spermid interactions, energy metabolism and signaling transduction.
Although many literatures were existed about sperm research in Pubmed, little annotations with sperm were found in the reviewed protein database. Compared to the recent mouse sperm proteome (14) , 80 proteins were common in the present study, indicating that proteome have bias to identify more important proteins (13) .
In conclusion, this work provided new insight into testis protein profiles and functions including spermatogenesis and steroidogenesis, and could urge scientists in this field to integrate all the exsiting data including transcriptome and proteome to explore significant functions and pathways in testis.
Further studies are warranted to substantiate the enriched functions and pathways in mouse testis. Such studies will advance our understanding of testis physiology and function, also facilitate biological interpretation of testis functions in a broad range of biological processes.
MATERIALS AND METHODS
Selection of proteins expressed in mouse testis from Uniprot database
Uniprot (Release 2010_11, http://www.uniprot.org) was used to select mouse testis related proteins. All mouse expressed proteins were extracted from Uniprot database and deposited into DAVID to analyze PIR_tissue_specific proteins. Subsequently, these proteins with key word "testis" in the description of PIR_tissue_specific were refered as mouse testis proteins and "testis specific" proteins were further selected as mouse testis-specific proteins. Mouse testis ESTs were extracted from UniGene as transcriptome data to perform comparison analysis. UniGene IDs from eight libraries (Lib.6786, 6787, 6788, 6789, 11128, 11283, 11284, 11285) were pooled and converted into gene symbol unrepeatedly.
Gene density analysis
Distribution density of genes corresponding to testis proteins were analyzed as below. The ratio (R) of the number of the observed testis-specific genes (O) to the expected number (E) is used to measure the gene density, where E is calculated according to the chromosome's size on assumption that the testis genes are uniformly distributed throughout the mouse genome.
DAVID (Database for Annotation, Visualization and Integrated Discovery) v6.7 analysis
Functional analysis were performed through DAVID v6.7 which is a web-accessible program that provides a comprehensive set of functional annotation tools to understand biological meaning behind large list of genes or proteins. Uniprot IDs of mouse testis proteins were submitted to DAVID to analyze gene ontologies, protein domains, and pathways.
Analysis of the membrane organization
LOCATE (http://locate.imb.uq.edu.au/) is a curated database for describing the membrane organization of proteins from mouse and human protein sequence set. The Uniprot IDs of testis proteins were submitted to the LOCATE server to analyze membrane organizations of the mouse testis proteins.
Functional analysis through Ingenuity Pathway Analysis (IPA)
To further analyze pathways and networks involved in mouse
